In deceptive pollination, insects are bamboozled into performing nonrewarded pollination. A prerequisite for the evolutionary stability in such systems is that the plants manage to generate a perfect sensory impression of a desirable object in the insect nervous system [1] . The study of these plants can provide important insights into sensory preference of their visiting insects. Here, we present the first description of a deceptive pollination system that specifically targets drosophilid flies. We show that the examined plant (Arum palaestinum) accomplishes its deception through olfactory mimicry of fermentation, a strategy that represents a novel pollination syndrome. The lily odor is composed of volatiles characteristic of yeast, and produces in Drosophila melanogaster an antennal detection pattern similar to that elicited by a range of fermentation products. By functional imaging, we show that the lily odors target a specific subset of odorant receptors (ORs), which include the most conserved OR genes in the drosophilid olfactome. Furthermore, seven of eight visiting drosophilid species show a congruent olfactory response pattern to the lily, in spite of comprising species pairs separated by w40 million years [2] , showing that the lily targets a basal function of the fly nose, shared by species with similar ecological preference.
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Results and Discussion
The Solomon's lily ( Figure 1A , insert) belongs to the predominantly Mediterranean genus Arum, whose 30 odd members, with a few exceptions, are nonrewarding, and rely on olfactory mimicry for pollination [3] . The Solomon's lily is native to Israel, Lebanon, and Syria [3, 4] , was first described by the noted Swiss botanist Edmond Boissier in 1853 [5] , and has since the initial description only been subject to cursory examination [6] . However, the available information hints at an intriguing pollination system. The lily reportedly produces an odor gratus [4] similar to rotting fruits [6] , in contrast to the other members of the genus, most of which produce foul dung and/or urine like odors [3] . The scant available records suggest that the fruity odor is highly attractive to certain drosophilid flies, which subsequently become trapped and exploited as pollinators ( Figure 1A ; see Movie S1 in the Supplemental Information available online). A single lily can apparently attract flies by the hundreds, a remarkable feat given that the plants flower and produce odors merely during a few hours [6] .
First, we set out to confirm the identity of the targets of the lily's mimicry. We located two flowering populations in northern Israel, from which we had the opportunity to examine w20 flowering plants. It quickly materialized that the plants indeed are remarkably attractive to drosophilid flies. From two plants that were cut and enclosed, we recorded 413 and 452 insects, respectively. Sampling of trapped insects from an additional 13 plants (not fully dissected, due to the scarcity of the plants) yielded a total of 1766 insects, of which 1754 (99.3%) were drosophilid flies. Closer examination revealed the presence of eight drosophilid species: Drosophila simulans, D. melanogaster, D. subobscura, D. hydei, D. immigrans, D. busckii, Zaprionus tuberculatus, and Z. indianus. At the two examined sites, the main visitor was D. simulans, comprising 89% of the caught flies. The dominance of D. simulans over its sibling, D. melanogaster, probably reflects the rural location of the study sites, as the proportion of D. melanogaster to D. simulans is negatively correlated with distance from human settlements [7] . Furthermore, banana baits and Vector960 traps (a highly efficient commercial bait of unspecified composition, primarily developed against D. melanogaster) at these locations also attracted the same species, in the same proportions as the lily ( Figure S1A) . Accordingly, the high number of D. simulans mirrors the habitats' species composition, rather than a difference in preference between the two species. The attracted drosophilids have similar ecology. All are cosmopolitan (or subcosmopolitan), human commensals, feed on yeast [8] , breed in fruit (if available), and are hence also typically found together wherever co-occurring (e.g., [9] ). Differing to some extent is D. busckii, which, although found in fermenting fruit, prefers decaying vegetables [9] , but can also be found in a wide range of other substrates [10] .
To a human nose, the inflorescence indeed produces a rather pleasant odor, quite reminiscent of a fruity wine. Assuming that the plant's prominent odor is the main cause for its attraction to drosophilids, we next sampled emitted volatiles from flowering lilies. Volatiles were collected in situ from 10 plants from the two above-mentioned populations. We subsequently used these collections as odor stimuli in linked gas-chromatography electroantennographic detection (GC-EAD) experiments [11] , a technique that allows for simultaneous flame ionization and antennal detection. Using D. melanogaster and D. simulans as in vivo antennal detectors in multiple GC-EAD experiments, we found a total of 14 peaks eliciting repeated antennal responses, with seven of these fully reproducible (i.e., active across all performed recordings) ( Figure 1C ). The two sibling species responded similarly to the lily's headspace, as did the sexes of the two species (data not shown).
We next identified the physiologically active peaks via GC-MS and coinjection of synthetic standards (commercially obtained or synthesized in house). The 14 antennal-detected peaks turned out to represent 13 compounds, one of which is present in two isomers. Having determined the chemical identity, we then turned to examine whether these compounds also mediate the attractiveness of the plant-through the use of a two choice trap assay [12] and D. melanogaster as representative behavioral indicator. We chose to examine the behavioral response to the six compounds producing fully reproducible EADs (i.e., 3-hydroxybutan-2-yl acetate [henceforth referred to as 2,3-butanediol acetate], 3-oxobutan-2-yl acetate [acetoin acetate], ethyl hexanoate, hexyl acetate, 2-phenylethyl alcohol and 2-phenethyl acetate). Indeed, a synthetic mix of these components in the relative ratio as they occur in the floral headspace was also highly attractive and confers, at optimal concentration (10 22 ), attractiveness on a par with complex stimuli, such as banana and Vector960 ( Figure 1D ). Moreover, when tested directly against banana in a two choice assay, the lily odor was as attractive as the odor emitted from a banana ( Figure S1B ). If these six compounds are tested individually (in the same ratio as in the mix), all are less attractive than the complete mix ( Figure S1C ). When subtractive mixtures (i.e., each mix missing one compound) are tested, they are all equally attractive as the complete mix ( Figure S1D ). These results suggest that the success of the deception does not lie in the lily producing one novel superattractant, but is rather due to a mix of attractive odorants forming a super-attractive mixture. Two of the lily odor components are particularly interesting, namely 2,3-butanediol acetate and acetoin acetate. Both compounds are rare in floral bouquets, and have each only been recorded once previously in flowers [13, 14] . Interestingly, though, both compounds are characteristically present in the drosophilid attractants par excellence vinegar (in particular in Aceto Balsamico) and wine (e.g., [15, 16] ), as by-products of the fermentation process, probably formed by acetylation of the yeast-produced chemicals acetoin and 2,3-butanediol [17] . In fact, all of the six compounds showing robust EAD activity are derived from fermentative yeasts, either produced de novo, or via secondary reactions (e.g., [18] ). The compounds are hence also characteristically found in overripe/rotting fruit [19] . The remaining seven compounds also include typical microbial volatiles, such as, for example, acetoin. The infrequent response to acetoin (a known odor ligand [19] ) can be attributed to the low levels present in the lily's volatile headspace. Thus, the general model for the olfactory mimicry appears to be yeast, which is also the staple food item of the attracted drosophilids. More specifically, the distinct fruity note of some of the compounds (e.g., ethyl hexanoate and hexyl acetate) probably creates the olfactory illusion of a fruit undergoing alcoholic fermentation. The deception is not likely based on a more precise model (such as, for example, a specific yeast species, or an exact combination of yeast and growth substrate), but, rather, is accomplished through the exploitation of the targeted drosophilids' innate preference for fermentation-associated volatiles. The lily's olfactory imitation of yeast represents, to our knowledge, a novel type of deceptive pollination strategy, joining the peculiar ranks of, for example, carrion-, dung-, and pheromonemimicking plants.
An important feature of any deceptive pollination system is that the targeted insects must have difficulties separating model from mimic [1] . Consequently, we would also expect the visiting drosophilids to have difficulties in discriminating the floral odor from odors of their favored natural resources (i.e., decaying fruit and other microbial-laden fermented objects). Thus, we next set out to examine how the lily's odor is detected in comparison with attractive objects from the flies' environment. We conducted an additional set of GC-EAD experiments, now stimulating with headspace collections of rotting fruits (apple, mango, grapes, banana, and peach) and a sample of human-made fermentation products (wine [a fruity Lambrusco variety], vinegar [Aceto Balsamico], as well as Vector960). The headspaces of these eight samples were then examined for antennal activity, with D. melanogaster as odorant detector (Figure 2A, Figure S2A ). From a total of 28 GC-EAD recordings deemed reliable, we noted responses to 59 compounds (Table S1 ), of which 52 were positively identified by GC-MS. To compare similarity of the host odors to the lily, we performed a nonmetric multidimensional scaling (NMDS) analysis based on a presence/absence matrix for the active peaks across the investigated samples. The NMDS clusters the lily tightly with the man-made fermentation products ( Figure 2B ). However, given that chemically similar compounds are also detected similarly, the above analysis may not fully reflect how the flies would actually perceive the lily's odor in comparison with the odor of genuine attractants. To control for molecular similarity, we subjected the identified odor ligands to a chemometric analysis [20] . An NMDS based on a condensed presence/absence matrix, with molecularly similar compounds fused into metacompounds ( Figures S2B  and S2C ), retains the lily in a similar relative position as in the previous analysis ( Figure S2D) . Thus, to a visiting fly, the lily odor presumably smells similar to a number of desirable fermented host objects, to the extent that it is questionable whether a fly would actually be able to separate the lily from certain genuine resources. The analysis also supports the notion that the deception is not based on a precise model, as already hinted at by the chemistry alone. A more precise model would, moreover, seem unwarranted, given the visiting flies promiscuity for breeding substrates [9] , where the chief importance is probably the composition of the fermenting microbial flora rather than the actual substrate of these.
As stated, the key to the deception lies in the lily producing a yeasty, fermentation-like odor, characteristic of resources of crucial importance to the visiting flies, a facet that should also be reflected by the chemosensory receptors targeted by these volatiles. The lily odor is principally detected via odorant receptors (ORs), and not by the recently described ionotropic receptors [21] , because flies lacking the Or83b coreceptor [12] show no response to the odor ( Figure S3A ). Thus, we next turned to identify the subset of ORs that are activated by the lily odor. We used the Gal4-UAS system [22] to drive expression of a genetically encoded calcium sensor (G-CaMP1.3 [23] ) from the promoter of the Or83b coreceptor [12] . This approach allowed us to visualize the odor-evoked glomerular activity pattern of the antennal lobe (AL) via functional imaging ( Figure 3A) . The activated ORs were identified by comparing the activation pattern with the well-established OR-glomerular connectivity map of the fly [24, 25] (Figures 3B and 3C) . The response pattern elicited by the six lily volatiles, the mix of these, and Vector960 is shown in Figures 3D and 3E . Additionally, we screened a set of odorants with well-defined activation patterns to facilitate glomerular identification (Figures S3B-S3D ). All stimuli produced multiglomerular activity patterns, mostly in the dorsomedial part of the AL. The synthetic lily headspace elicited activity (>5% DF/F) in 11 glomeruli, corresponding to 11 ORs ( Figure S3E ). The same OR array was also activated by Vector960. A principal component analysis (PCA) based on the glomerular response pattern also groups the lily mix closest with Vector960, confirming the notion that these two odor sources probably have a similar smell to the flies ( Figure 3F) .
What is, then, the significance of the activated ORs? Given the yeasty nature of the lily's volatiles and the prevalent use of yeast as food across disparate drosophilid lineages [2] , we would expect a subset of the activated ORs to be among the more conserved in the drosophilid OR family. Indeed, this is Or83b-Gal4 UAS-GCaMP also the case. Or42b, Or59b, and Or92a have highly conserved orthologs [26] in all the 12 fully sequenced drosophilids [27] (amino acid identity > 80%) ( Figure S3F ). In fact, Or42b and Or92a are the two most conserved OR genes (Or83b exempt) in the drosophilid olfactory subgenome. Presumably, these genes also have a conserved function as yeast detectors, which would seem logical, as most drosophilids feed on microbes, irrespective of niche. That Or42b performs a critical function was also elegantly highlighted in a recent study [28] , which demonstrated that silencing of neurons expressing Or42b abolished innate attraction to the fermentation product vinegar, and conversely rescuing solely the Or42b pathway in an Or83b-null mutant (which lacks any functional expression of ORs), is sufficient to restore the attraction to vinegar. Moreover, and in line with its high level of conservation, Or42b orthologs appear to have retained function to a quite remarkable degree across a variety of drosophilids [29] . On the other end of the scale, the lily volatiles also activate a group of ORs (Or22a, Or67a, Or98a), which are among the most divergent in the drosophilid OR superfamily. Orthologs of these genes probably have diverse functions adapted to species-specific habitat conditions and requirements, as exemplified by Or22a, which is affected by the specialization of D. sechellia toward Morinda fruit [30] . Orthologs of Or22a also show variable function [29] . In D. melanogaster, we would argue that these genes have an important role in the detection of rotting fruit. In addition, we also recorded activity from Or7a, Or43b, Or47a, and Or85a, orthologs of which are restricted to the subgenus Sophophora [26] . Interestingly, though, intact copies of Or7a are solely found in species principally breeding in fruit [31] . In summary, the lily volatiles interact with a distinct subset of ORs, ranging from highly conserved, involved in locating substrates having undergone alcoholic fermentation [28] , to more divergent ORs with variable functions probably related to specific habitats [30] . The success of the lily's deception is hence reliant on the activation of these specific ORs, the combined activity of which presumably generates an overall gestalt of an optimal resource (i.e., yeast covered rotting fruit). If, in fact, the lily is targeting a crucial component of the olfactory circuitry of fruit-breeding drosophilids, we would expect the visiting flies, of which most have comparable ecology, to also detect the lily's odor similarly. To examine whether the lily's odor message is indeed conserved, we again turned to GC-EAD experiments, now recording from the remaining six visitors, as well as from D. elegans and D. mojavensis. These two species are nested phylogenetically within the attracted flies, but have a different ecology, with D. elegans (subgenus Sophophora: melanogaster group) being anthophilic [31] and D. mojavensis (subgenus Drosophila: repleta group) cactophilic [32] . The EADs from the predominantly fruit-breeding species shows similar antennal reactions, distinct from the EADs of D. busckii (which, as stated, breeds preferentially in vegetables) and the two ecological outgroup species ( Figure 4A ). This impression was also statistically confirmed by a PCA calculated from the quantitative EAD responses of the 10 species (47 individuals) to 16 compounds in the lily headspace ( Figure 4B ). The PCA groups the seven lily visitors with similar ecology, separate from D. busckii and the two outgroup species (analysis of similarities [ANOSIM]: R = 0.82; p < 0.001), in spite of the latter two being phylogenetically placed well within the fruit-breeding lily visitors. This pattern is further reinforced if the samples are grouped by breeding ecology rather than species. The discriminant function analysis shows a narrow cluster for all the preferentially fruit-breeding lily visitors, clearly set aside from D. busckii and the two ecological outgroups ( Figure 4C ). The seven fruitbreeding flies hence detect, and presumably also interpret, the volatile signal of the lily in a similar manner, and most likely do so via the same subset of ORs, with comparable ligand affinity, as D. melanogaster. The similarity in response pattern is remarkable, given that the attracted drosophilids belong to lineages separated by w40 million years (Drosophila/Sophophora split) [2] , which shows that the plant indeed targets a basal and critical function of the drosophilid nose.
In this study, we dissected the deceptive pollination system of the Solomon's lily and deciphered the mechanism by which its involuntary drosophilid pollinators are duped. We show that the lily exploits a deeply conserved pathway in the targeted drosophilids, which presumably mediates the ability to find fermenting fruit. In conclusion, the Solomon's lily provides intriguing insights into the odor world of D. melanogaster, and serves as an excellent example of how evolution can generate an irresistible stimulus by combining positive signals from different attractive sources.
Experimental Procedures
All methods used, including electrophysiology, chemical analysis, behavioral assays, and functional imaging followed established protocols. Detailed methods are outlined in the Supplemental Experimental Procedures.
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